Objective: This study investigated the role of microRNAs generated from adipose tissue macrophages (ATMs) during adipose tissue remodeling induced by pharmacological and nutritional stimuli. Methods: Macrophage-specific Dicer knockout (KO) mice were used to determine the roles of microRNA generated in macrophages in adipose tissue remodeling induced by the b3-adrenergic receptor agonist CL316,243 (CL). RNA-seq was performed to characterize microRNA and mRNA expression profiles in isolated macrophages and PDGFRaþ adipocyte stem cells (ASCs). The role of miR-10a-5p was further investigated in cell culture, and in adipose tissue remodeling induced by CL treatment and high fat feeding. Results: Macrophage-specific deletion of Dicer elevated pro-inflammatory gene expression and prevented CL-induced de novo beige adipogenesis in gonadal white adipose tissue (gWAT). Co-culture of ASCs with ATMs of wild type mice promoted brown adipocyte gene expression upon differentiation, but co-culture with ATMs of Dicer KO mice did not. Bioinformatic analysis of RNA expression profiles identified miR-10a-5p as a potential regulator of inflammation and differentiation in ATMs and ASCs, respectively. CL treatment increased levels of miR-10a-5p in ATMs and ASCs in gWAT. Interestingly, CL treatment elevated levels of pre-mir-10a in ATMs but not in ASCs, suggesting possible transfer from ATMs to ASCs. Elevating miR-10a-5p levels inhibited proinflammatory gene expression in cultured RAW 264.7 macrophages and promoted the differentiation of C3H10T1/2 cells into brown adipocytes. Furthermore, treatment with a miR-10a-5p mimic in vivo rescued CL-induced beige adipogenesis in Dicer KO mice. High fat feeding reduced miR-10a-5p levels in ATMs of gWAT, and treatment of mice with a miR-10a-5p mimic suppressed pro-inflammatory responses, promoted the appearance of new white adipocytes in gWAT, and improved systemic glucose tolerance. Conclusions: These results demonstrate an important role of macrophage-generated microRNAs in adipogenic niches and identify miR-10a-5p as a key regulator that reduces adipose tissue inflammation and promotes therapeutic adipogenesis.
INTRODUCTION
Adipose tissue macrophages (ATMs) are a major immune cell type in adipose tissue that are thought to play important roles in adipose tissue remodeling, yet the mechanisms involved are poorly understood [1] . The phenotypic character of ATMs can change dramatically in response to diverse nutritional, metabolic, environmental, and pharmacological stimuli [1e4] . It is well known, for instance, that proinflammatory macrophages infiltrate adipose tissue of mice fed high fat diets, which leads to chronic low grade systemic inflammation that contributes to the pathogenesis of obesity-related metabolic syndrome [3, 5] . On the other hand, thermogenic stimuli, such as cold exposure and b3-adrenergic agonist treatment, trigger anti-inflammatory polarization and proliferation of ATMs that participate in tissue remodeling and beige adipogenesis [2,6e8] . Interestingly, although both high fat diet feeding and b3-adrenergic receptor stimulation produce adipocyte death and associated-macrophage efferocytosis, b3adrenergic receptor stimulation results in quick resolution along with the generation of beige adipocytes, whereas high fat diet feeding is associated with a persistent inflammatory state [2, 3, 5] . Presently, little is known about the mechanisms that regulate macrophage phenotypes in the context of adipose tissue remodeling.
However, our previous work with remodeling induced by b3adrenergic receptor agonist CL316,243 (CL) treatment demonstrated that beige adipogenesis requires the recruitment of ATMs to adipogenic niches and their close interactions with adipocyte stem cells (ASCs) [2, 6, 8] . Nonetheless, the mechanisms that regulate ATM polarization and the impact it has on beige adipogenesis remain incompletely understood. MicroRNAs (miRNAs) are small noncoding RNAs that generally repress gene expression by binding to the 3 0 untranslated region (UTR) of targeted mRNAs, leading to their degradation [9] . Adipose tissue miRNAs have been identified as regulatory players that can contribute to adipose tissue inflammation, macrophage polarization, and metabolism [10e13]. However, the role of ATM-derived miRNAs during adipose tissue remodeling has not been investigated.
Here, we investigated the roles of miRNAs generated from ATMs in CLinduced tissue remodeling of mouse gonadal WAT (gWAT). Using macrophage-specific knockout of Dicer (Dicer Csf1r KO), we found that generation of miRNAs in macrophages is necessary for the antiinflammatory polarization of macrophages and proliferation/differentiation of platelet-derived growth factor receptor alpha (PDGFRa)þ ASCs into brown adipocytes during b3-adrenergic receptor agonist treatment. Characterization of the macrophage miRNA signatures identified miR-10a-5p as a key miRNA that facilitates antiinflammatory polarization of macrophages, suppresses RAR-Related Orphan Receptor alpha (Rora) expression and promotes beige adipogenesis. Treatment of Dicer Csf1r KO mice with a miR-10a-5p mimic suppressed inflammatory signaling and restored brown adipogenesis in the CL model. Furthermore, high fat feeding reduced miR-10-5p levels in gWAT, and treatment with the miR-10-5p mimic suppressed pro-inflammatory gene expression, facilitated tissue remodeling and improved glucose tolerance, indicating the therapeutic potential of miR-10a-5p mimics.
MATERIAL AND METHODS

Animals
All animal protocols were approved by the Institutional Animal Care and Use Committees at Yonsei University and Seoul National University. Mice were fed a standard chow diet and were housed at 22 C and maintained on a 12-h light/12-h dark cycle with free access to food and water at all times. C57BL/6 mice were purchased from Central Lab. Animal Inc. Csf1r-CreER [14] (stock# 019098), Pdgfra-CreER (stock# 018280), Dicer flox/flox [15] (stock# 006366), Rosa-LSL-tdTomato (stock# 007909), and Rosa-mT/mG (stock # 007676) mice were purchased from the Jackson Laboratory. Csf1r-CreER mice and Dicer flox/flox mice were crossed to produce inducible macrophagespecific Dicer (Csf1r-CreER/Dicer flox/flox ) knockout mice. Male mice were used for all experiments. For wild type (WT) control, Dicer floxed mice (WT/Dicer flox/flox ) without CreER were used. Csf1r-CreER mice were crossed with Rosa-mT/mG to test efficiency and specificity of Cre recombinase expression in macrophages. Pdgfra-CreER mice were crossed with Rosa-LSL-tdTomato to trace PDGFRaþ cells during CL treatment and high fat diet feeding, as described previously [6] . For Cre recombination, double transgenic mice and WT controls were treated with tamoxifen dissolved in sunflower oil (Sigma, 75 mg/kg) by oral gavage on each of 5 consecutive days. Also, we included vehicle (oil)treated control groups to confirm specific induction of Cre recombinase activity upon tamoxifen treatment in adipose tissue. Experiments were started 10 days after the last dose of tamoxifen. For b3 adrenergic receptor stimulation, mice were treated with CL316,243 (Sigma, St. Louis, MO) (1 mg/kg/day) by intraperitoneal injection for up to 5 days.
For the high fat diet (HFD) experiments, 60% fat diet (D12492, Central Lab. Animal Inc.) was introduced at 7 weeks of age and continued for 8 weeks. For EdU labeling of proliferating cells, mice were injected with EdU (Thermo Fisher, 0.4 mmol/mouse) at indicated times described in the text. Energy expenditure was measured using an indirect calorimetry system (PhenoMaster, TSE system, Bad Homburg, Germany), as described previously [16] . For in vivo overexpression of miRNA, mice were injected with miR-10a-5p mimics (2 0 -Fluoro dsRNA, Genepharma) or microRNA mimics double strand negative control (Genepharma) in liposomal formulation using In Vivo Jet-PEI (Polyplus Transfection) according to the manufacturer's instructions. Briefly, 40 mg of miR-10a-5p mimics and 6 ml of in vivo-jet PEI reagent were used in a final volume of 200 ml of 5% glucose solution per injection. Mice were treated with miRNA liposomal solution (200 ml/20 g mouse, i.p.) at two week intervals during HFD feeding. Total adipocyte numbers in eWAT of mice from the HFD study were calculated as previously described [17] . Briefly, eWAT adipocyte cell diameters (>200/mouse) were determined from 100Â images of H/E stained paraffin sections, and mean triglyceride (TG) mass/adipocyte was calculated as 0.4790/10 6 Â (3 Â s 2 Â mean diameter þ [mean diameter] 3 ). Tissue adipocyte cellularity was determined by dividing tissue TG content by mean fat cell TG mass.
WAT stromovascular cell fractionation and flow cytometry
Stromovascular cell (SVC) fractions from mouse gWAT were isolated, as previously described [6] . For EdU detection, fixed SVCs were processed for Click-it reaction first, followed by cell-surface marker staining. Antibodies used for flow cytometry analysis were the following: anti-PDGFRa-APC (Biolegend, cat # 135907) for ASCs, CD44-FITC (Biolegend, cat # 103021), and F4/80-APC (Biolegend, cat # 123115) for ATMs. Analytic cytometry was performed using BD LSR III (BD Biosciences) flow cytometers. Raw data were processed using FlowJo software (Tree Star). For gene expression analyses by qPCR or RNAseq, ATMs and ASCs were isolated by magnetic cell sorting (MACS) with anti-F4/80-FITC/anti-FITC-microbeads and anti-PDGFRa-PE/anti-PE-microbeads, respectively (Miltenyi Biotech).
Quantitative PCR analysis, western blot, and RNAseq
Quantitative PCR (qPCR) analyses, western blot, and RNAseq analyses were performed as previously described [6, 18] (see supplemental materials).
Cell culture
For miRNA overexpression, Raw 267.4 cells (ATCC) or C3H10T1/2 cells (ATCC) were plated at a density of 2.5 Â 10 4 cells/well in 24 wellplates and transfected with 10 nM syn-mmu-miR-10a-5p miScript miRNA mimic or a negative control miRNA (Qiagen) using INTERFERin (Polyplus Transfection). Two days after transfection, cells were subjected to qPCR analysis or were treated with adipogenic induction medium DEME supplemented with 10% FBS, indomethacin (0.125 mM, Cayman), isobutylmethylxanthine (IBMX) (2.5 mM, Cayman), dexamethasone (1 mM, Cayman), insulin (10 mg/mL, Sigma) and triiodothyronine (T3, 1 nM, Cayman), as previously described [19] . For co-culture using trans-well plates, MACS-isolated PDGFRaþ ASCs from gWAT were placed in the lower chamber (1 Â 10 5 cells/well) and co-cultured with MACS-isolated F4/80 þ ATMs from gWAT placed in the upper chamber (1 Â 10 5 cells/well) using a trans-well plate (0.4 mm polycarbonate filter, Corning) for 24 h. For adipogenic differentiation, co-cultures were treated with adipogenic induction medium for 3 days. (See supplemental materials for plasmid construction and luciferase reporter assays.)
Statistical analysis
Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA.). Data are presented as mean AE standard errors of the means (SEMs). Statistical significance between two groups was determined by unpaired t-test. Comparisons among multiple groups were performed using a one-way or two-way analysis of variance (ANOVA), with Bonferroni post hoc tests to determine p values. Principal Components Analysis (PCA) was performed with XLStat software (Addinsoft, New York, NY) Heatmaps were generated by PermutMatrix program, as previously described [18] .
RESULTS
Recruitment of ATMs during b3-adrenergic receptor
stimulation is specific to gWAT Treatment of mice with CL remodels gWAT in a process that involves white adipocyte death and removal by anti-inflammatory ATMs, and proliferation and differentiation of PDGFRaþ ASCs at the sites of adipocyte efferocytosis (i.e., "crown-like structures") [2] . Consistent with the previous reports, three days of CL treatment recruited ATMs that were closely associated with PDGFRaþ ASCs in gWAT ( Figure 1A and B). In addition, the ATMs formed tightly-associated networks that surrounded lipidþ adipocytes (indicated by arrows in Figure 1B and C). These ATM clusters create an adipogenic niche where ASCs proliferate and differentiate into adipocytes [2] . As shown in Figure 1C , lineage tracing using PDGFRa reporter mice (Pdgfra-CreER/Rosa26-LSL-tdTomato) demonstrated the generation of multilocular adipocytes from PDGFRaþ ASCs near ATM clusters (indicated by arrow-heads in Figure 1C ). This close co-localization suggested a cellular interplay between the ASCs and ATMs in adipogenic niches. Next, we examined expression levels of a pan-macrophage marker (Emr1), antiinflammatory markers (IL10, Arg1), and a proliferation marker (mKi67) in gWAT, iWAT, and BAT. qPCR analysis confirmed that recruitment of anti-inflammatory ATMs by CL treatment was specific to gWAT ( Figure 1DeF ) [2, 8, 20] , further supporting gWAT-specific roles of ATMs in CL-induced adipose tissue remodeling.
Macrophage-specific KO of Dicer increases pro-inflammatory ATM polarization and reduces beige adipogenesis of PDGFRaþ
ASCs in gonadal white adipose tissue miRNAs are known to be important regulators of macrophage function that act in part by regulating macrophage polarization [21] . Our previous work demonstrated that CL treatment alters the polarization state of ATMs to an anti-inflammatory, pro-restorative phenotype [2, 8] , suggesting that ATM-derived miRNAs could play a role in CL-induced adipose tissue remodeling. To investigate this possibility, we deleted Dicer, an essential gene for RNA processing, from macrophages by crossing mice harboring floxed Dicer loci with those expressing tamoxifen responsive CreER under the control of the colony stimulating factor 1 receptor (Csf1r) promoter (Dicer Csf1r KO) [14] . We chose this drug-inducible conditional KO system to avoid possible chronic or developmental effects of Dicer deletion. Tamoxifen-treated floxed Dicer mice lacking Csf1r-CreER served as WT controls for deletion and tamoxifen treatment. Macrophage-specific expression of Csf1r in gWAT was confirmed by double label immunofluorescence staining of Csf1r and F4/80 ( Figure 2A ). In addition, we also used double transgenic mice that expressed CreER under Csf1r promoter control and a Cre-responsive GFP reporter (Csrf1-CreERT2/Rosa26_mTomato-loxPstop-loxP-eGFP). As shown in Figure 2B , flow cytometry analysis indicated Csf1r-GFP reporter expression in 72.5 AE 0.03% of F4/ 80 þ macrophages, and F4/80 expression in 83.3 AE 0.07% of Csf1r-GFP reporter expressing cells, confirming that the majority of F4/ 80 þ macrophages expressed Cre recombinase under Csf1r promoter control in gWAT. Next, we examined the effect of Dicer KO in adipose tissue remodeling during CL treatment. Macrophage-specific KO of Dicer was confirmed by immunoblot analysis of Dicer expression in magnetic cell sorting (MACS)-isolated F4/80 þ macrophages from gWAT of Dicer Csf1r KO and WT mice after tamoxifen treatment ( Figure 2C ). Interestingly, Dicer KO increased pro-inflammatory gene expression in gWAT of both control and CL-treated mice ( Figure 2D ). CL treatment did not induce antiinflammatory marker expression in Dicer KO mice or formation of crown-like structures ( Figure 2D and E). In contrast, macrophagespecific Dicer KO did not affect pro-inflammatory marker expression in inguinal white adipose tissue (iWAT) or brown adipose tissue (BAT) (Figs. S1A and S1B). CL-induced proliferation of ASCs in gWAT of Dicer Csf1r KO mice was greatly reduced compared to controls, confirmed by FACS analysis of EdU incorporation ( Figure 2F ). In addition, the number of EdUþUCP1þ adipocytes ( Figure 2G ) and EdUþPlin1þ adipocytes ( Figure 2H ) was reduced in Dicer Csf1r KO mice, indicating impairment of de novo beige adipogenesis. Immunoblot analysis of UCP1 ( Figure 2I ) and qPCR analysis of brown adipocyte markers (Ucp1, iodothyronine deiodinase 2 (Dio2), elongation of very long chain fatty acids (Elovl3)) confirmed that macrophage-specific deletion of Dicer greatly impaired beige adipogenesis in gWAT ( Figure 2J ). The effects of macrophage-specific Dicer KO on CL-induced browning were specific to gWAT, as UCP1 induction by CL treatment was similar in iWAT and BAT of WT and Dicer KO mice (Figs. S1C and S1D). In addition, indirect calorimetry indicated that Dicer KO did not affect whole body energy expenditure levels under basal conditions or after CL injection (Figs. S2A and S2B). However, we noted that Dicer KO slightly elevated respiratory exchange ratio (RER) after CL treatment (Figs. S2C and S2D), suggesting a relative reduction in fatty acid oxidation. Collectively, these data indicate that biosynthesis of miRNAs in macrophages is required for anti-inflammatory macrophage recruitment and in vivo brown/beige adipogenesis in gWAT.
3.3. Global miRNA profiling identifies miR-10a-5p as a key microRNA differentially regulated in ATMs from gWAT of mice treated with CL To determine whether CL treatment regulates ATM miRNAs, we performed RNA-seq analysis of gWAT ATMs from control mice and mice treated with CL for 3 days and identified 171 differentially regulated miRNAs ( Figure 3A ). Principal component analysis (PCA) indicated that controls and CL-treated groups were mainly segregated by Factor 2 (Figure 3B , Tables S1 and S2). Top five miRNAs that had the highest contributions to Factor 2 were miR-10a-5p, miR-146b-5p, miR-378a-3p, 99b-5p and 148a-3p ( Figure 3B ). miR-10a-5p, whose expression was increased by 2-fold by CL treatment, was the greatest contributor to Factor 2 (68%). Additionally, the MA plot indicated that the expression level of miR-10a-5p was the highest among miRNAs that were differentially regulated in macrophages by CL treatment ( Figure 3D ). Analysis of potential targets of these miRNAs by miRbase [22] , indicated that one putative target gene of miR-10a-5p was RAR-related orphan receptor alpha (Rora), which has been shown to promote pro-inflammatory responses and suppress adipogenesis and brown adipogenic pathways [23, 24] (Table S4 ). miR-146-5p displayed the second highest contribution to factor 2 (22%), which was decreased 4fold in the CL-treated groups. miR-378a-3p was upregulated 3-fold and was predicted to suppress the expression of Pde1b [25] , which could elevate cAMP levels. miR-143-3p, which has also been reported to be anti-adipogenic [26] , was downregulated 2.5-fold, and miR-155-5p, which targets adipogenic transcription factor CCAAT/enhancerbinding protein beta (Cebpb) [27, 28] , was downregulated 18-fold.
3.4. Transcriptomic profiles predicts that miR-10a-5p represses remodeling-related mRNA levels in macrophages and PDGFRaþ ASCs isolated from gWAT We next performed mRNA profiling of MACS-isolated F4/ 80þ macrophages and PDGFRaþ progenitors from gWAT to identify genes regulated by CL treatment and determine whether those downregulated might be targets of the miRNAs identified above. (Fig. S3 ). miRNA target enrichment analysis of downregulated genes (rfold changer > 2, p < 0.05) in both F4/80 þ cells and PDGFRaþ cells using TargetScan algorithm [29e32] (Figs. S4A and 4B) identified 4 upregulated miRNAs (i.e. miR-10a, miR-3098, miR-32, miR-3061) in F4/80 þ cells (rfold changer >2, p < 0.05) that overlapped with the TargetScan-predicted miRNAs in both cell types ( Figure 3C ). Of these candidate miRNAs, miR-10a-5p expression levels were highest ( Figure 3D ). Next, we examined the expression levels of predicted targets of miR-10a-5p in mRNA sequencing data of ATMs and ASCs isolated from gWAT [22] ( Figure 3E and Table S4 ). Importantly, 10 predicted targets of the miR-10a-5p were significantly downregulated in ATMs and ASCs after CL treatment ( Figure 3E ). CL-downregulated miR-10a target genes included anti-adipogenic molecules, such as Rora [23,24], Delta-like 4 (Dll4) [33] , and nuclear receptor subfamily 4, group A, member 3 (Nr4a3) [34] , as confirmed by qPCR ( Fig. S4C) . Rora is a candidate miR-10a-5p target transcription factor [35] that regulates multiple genes in a coordinated manner and has been reported to suppress adipogenesis [36, 37] . Several Rora target genes (predicted by TRANSFAC Curated Transcription Factor Targets [32] ) were downregulated by CL treatment in both F4/80þ cells and PDGFRaþ cells ( Figure 3F and G and Fig. S4D-S4G) including Klf4, Arntl, Zfp36l1, Fbxo30, Tmeff2, and Spock2.
miR-10a-5p is upregulated in PDGFRaþCD44 þ adipocyte progenitors in gWAT of mice treated with CL
To confirm the miRNA sequencing data, we performed qPCR analysis of magnetic cell sorting (MACS)-isolated F4/80þ ATMs and PDGFRaþ ASCs ( Figure 4A ). CL treatment upregulated expression of miR-10a-5p, miR-378a-3p and miR-148a-3p in isolated macrophages. Interestingly, miR-10a-5p levels were also elevated in PDGFRaþ ASCs after CL treatment ( Figure 4A ). We previously identified CD44þ PDGFRaþ cells as a subpopulation of ASCs that closely associates with ATMs in crown-like structures, where they proliferate and differentiate into brown adipocytes during CL treatment [2] . Significantly, we found that miR-10a-5p levels were selectively increased in the activated CD44þPDGFRaþ ASC subpopulation ( Figure 4B and C) .
To determine the cellular source of miR-10a-5p biosynthesis in the adipogenic niches, we analyzed expression levels of the precursor form of mir-10a (pre-mir10a) in MACS isolated macrophages and PDGFRaþ ASCs. Interestingly, only F4/80 þ cells increased pre-mir10a expression after CL treatment, suggesting that miRNAs might have been transferred to ASCs from macrophages ( Figure 4D ). In addition, macrophage-specific Dicer KO suppressed CL-induction of miR-10a-5p expression in PDGFRaþ cells ( Figure 4E ), indicating that miRNA generation in macrophages was required for upregulation of miR-10a-5p in PDGFRaþ cells.
miR-10a-5p regulates anti-inflammatory polarization of ATMs and beige adipogenic differentiation
The above data suggest that macrophage-derived miR-10a-5p plays a key role in macrophage polarization and beige adipogenesis. To explore this possibility in a defined system, we examined the effects of co-culturing WT or Dicer KO ATMs isolated from gWAT of CL-treated mice on adipogenic gene expression of ASCs. As expected, coculture with WT ATMs increased levels of miR-10a-5p in PDGFRaþ ASCs and this was associated with suppression of Rora and induction of beige adipocyte marker expression ( Figure 5A and B) . Each of these effects was absent in co-cultures of Dicer KO ATMs and ASCs ( Figure 5C and D) . To dissect the specific role of miR-10a-5p in macrophage polarization and adipogenesis, we turned to cell culture models employing Raw 264.7 and C3H10T1/2 cells, respectively. As shown in Figure 5E , overexpression of miR-10a-5p suppressed inflammatory gene expression in Raw 264.7 cells. Furthermore, miR-10a-5p suppressed expression of Rora in C3H10T1/2 cells and strongly promoted expression of the brown adipocyte markers Ucp1, Elovl3, and Dio2 in differentiated adipocytes ( Figure 5F and G).
3.7.
Rora mRNA is target of miR10-a-5p and overexpression of Rora blocks adipogenesis in CH310T1/3 cells Bioinformatic analysis above predicted that Rora, a transcription factor that might oppose adipogenesis [36, 37] , is a target of miR10-a-5p ( Figure 3F and G) . To determine whether miR-10a-5p targets Rora mRNA, we identified 3 highly conserved putative target sequences in the 3 0 UTR of Rora were identified ( Figure 6A) . To test the whether miR10a-5p targets Rora mRNA, we cloned the 3 putative sequences and corresponding mutants into a luciferase reporter and cotransfected cells with the reporter and a miR-10a-5p mimic. As shown in Figure 6B , expression of miR-10a-5p repressed expression of the reporter gene containing WT, but not mutant, Rora 3 0 UTR. Next we used an inducible lentiviral system to investigate the effect of Rora overexpression on adipogenic differentiation of C3H10T1/2 cells [38] . Consistent with previous reports [36, 37] , Rora overexpression suppressed differentiation as indicated by reduced lipid accumulation ( Figure 6C ) and adipocyte marker expression (i.e., Plin1) ( Figure 6D ). In addition, treatment with a miR-10a mimic before induction of differentiation upregulated UCP1 protein expression, and this effect was abrogated by Rora overexpression ( Figure 6D ) owing to suppression of adipogenesis.
3.8. In vivo treatment with miR-10a-5p mimic reduces inflammatory response and restores CL-induced beige adipogenesis in gWAT of macrophage-specific Dicer KO mice To test in vivo function of miR-10a-5p, macrophage-specific Dicer KO mice were injected with liposomes containing miR-10a-5p mimics ( Figure 7A ). qPCR analysis confirmed increased levels of miR-10a-5p in gWAT ( Figure 7B ). miR-10a-5p treatment restored CL-induced beige Figure 5 : In vitro overexpression of miR-10a-5p reduced Rora mRNA and inhibited inflammatory responses in ATMs and facilitated beige adipogenesis of ASCs. A,B. Co-culture of PDGFRaþ ASCs with F4/80þ ATMs obtained from gWAT of CL-treated WT mice and qPCR analysis of miR-10a-5p, Rora and beige adipocyte marker gene expression in cocultured PDGFRaþ ASCs. C,D. Co-culture of PDGFRaþ ASCs with F4/80þ ATMs obtained from gWAT of CL-treated macrophage specific Dicer KO mice and qPCR analysis of miR-10a-5p, Rora and beige adipocyte marker gene expression in co-cultured PDGFRaþ ASCs. E. qPCR analysis of miR-10a-5p, Rora, pro-inflammatory gene expression in Raw264.7 cells transfected with miR-10a-5p and negative controls. F. qPCR analysis of miR-10a-5p and Rora expression in C3H10T1/2 cells transfected with miR-10a-5p and negative controls. G. qPCR analysis of beige adipocyte marker expression in C3H10T1/2 cells transfected with miR-10a-5p and negative controls, and then treated with adipogenic induction media for 3 days (mean AE S.E.M, t-test, n ¼ 3 per group, **p < 0.01, ***p < 0.001). adipogenesis, as indicated by upregulation of Ucp1, Dio2, and Mki67 expression ( Figure 7C ) and increased mitotic index (EdUþ cells/ DAPIþ cells) ( Figure 7F ) after 3 days of CL treatment. In addition, miR-10a-5p treatment reduced inflammatory gene expression (i.e., Ccl2, Il1b) in controls and CL-treated mice ( Figure 7D ) and increased the appearance of multilocular adipocytes ( Figure 7E ). The results indicate that miR-10a reduces pro-inflammatory signaling in adipogenic niches and promotes beige adipogenesis.
3.9. Treatment with miR-10a-5p facilitates adipose tissue remodeling and improves HFD-induced glucose intolerance As mentioned, high fat feeding, like CL treatment, results in adipocyte death and replacement, yet unlike CL treatment, HFD produces persistent inflammation that can disrupt systemic glucose homeostasis. The results with CL-induced remodeling prompted us to investigate whether miR-10a-5p plays a role in adipose tissue inflammation and remodeling during high fat feeding. Eight weeks of high fat feeding significantly suppressed levels of miR-10a-5p expression in gWAT and ATMs isolated from gWAT compared to chow-fed control mice ( Figure 8A and B) . Other major miRNAs (miR378a-3p, mir-148a-3p) that were upregulated by CL treatment were also down-regulated in gWAT by high fat feeding ( Figure 8A ). Biweekly treatment with miR-10a-5p mimic ( Figure 8C ) increased levels of miR-10a-5p ( Figure 8D ). miR-10a-5p treatment did not significantly alter body weight ( Figure 8E ), but reduced gWAT mass in high fat-fed mice ( Figure 8F ). The reduction in fat mass was accompanied by reduced adipocyte size ( Figure 8G and H) and greatly reduced number of crown-like structures ( Figure 8J ), which are indicative of cell death and inefficient efferocytosis [3] . Consistent with the histological observations, we found that miR-10a-5p treatment reduced proinflammatory gene expression of in gWAT of high fat fed mice ( Figure 8K ). To determine the impact of miR-10a-5p treatment on diet-induced adipogenesis, we traced the appearance of new fat cells from progenitors using tamoxifen-induced Pdgfra-CreER/tdTomato mice during 8 weeks of HFD feeding. Surprisingly, we observed that miR-10a-5p treatment significantly upregulated de novo adipogenesis, as indicated by the 3e4 fold increase in the appearance of PLIN1þtdTomatoþ adipocytes ( Figure 8L and M) . We also assessed the impact of miR-10a-5p treatment on glucose tolerance. As expected, high fat feeding greatly impaired glucose tolerance compared to chow-fed controls ( Figure 8N ). Biweekly treatment with miR-10a-5p did not affect glucose tolerance of chow-fed mice, but strongly improved tolerance in mice fed high fat diet ( Figure 8N ). Together, these observations indicate that miR-10a-5p treatment promotes adipose tissue remodeling by reducing persistent inflammation and promoting new fat cell formation, and these effects are correlated with improvements in systemic glucose metabolism.
DISCUSSION
ATMs have been recognized as key regulators that support healthy adipose tissue remodeling [1, 2, 8, 39, 40] . By using macrophagespecific deletion of Dicer in a robust model of de novo adipogenesis, our results demonstrate that generation of miRNAs in ATMs is required for both anti-inflammatory activation of ATMs and induction of beige adipogenesis in vivo. miRNA profiling identified miR-10a-5p as a key miRNA that is upregulated in ATMs of CL-treated mice. Indeed, in vitro overexpression of miR-10a-5p effectively suppressed pro-inflammatory polarization of ATMs and promoted brown/beige differentiation of adipocyte precursor cells. Interestingly, co-culture with ATMs of WT, not Dicer-KO mice, increased miR-10a-5-p levels in ASCs, indicating mediation by a Dicer-dependent factor from ATMs. Notably, co-culture with WT ATMs raised miR-10a-5p levels in ASCs without increasing levels of pre-miR-10a-5p. While speculative, these observations suggest that miRNAs derived from ATMs might be transferred to ACSs to facilitate adipogenic differentiation, perhaps via exosomal transfer [35, 41] . In this regard, we have previously demonstrated the close contact of ATMs and ASCs in adipogenic niches, and functional interactions involving Original Article release of chemotactic ligands and generation PPARg ligands that facilitate ASC recruitment and differentiation [42] . The effects of miR-10a-5p on adipogenic remodeling likely involve suppressing expression of gene network, and while the current study did not conclusively identify the all relevant targets of miR-10a, we demonstrate that Rora, a transcriptional inhibitor of adipogenesis [36, 37] , is a direct target of miR-10a-5p whose suppression is required for brown adipogenesis in vitro. Physiologic roles of Rora expression in adipose tissue are not well understood. Mice with global inactivation of Rora (i.e, staggerer mice) are lean and exhibit enhanced browning of WAT [23, 43] ; however, these mice exhibit strong neurological defects, and it is presently unclear whether this enhanced thermogenesis reflects the direct actions of RORA in adipocytes. In this regard, the beneficial roles of miR-10a-5p expression in adipose tissue remodeling should be interpreted in the context where multiple targets of miR-10a-5p are coordinately regulated. Other putative targets of miR-10a-5p that have been implicated in suppression of adipogenesis include Nr4a3 [34] and Dll4 [33] . In addition to miR-10a-5p, CL treatment upregulated other miRNAs that have been previously linked to beige/brown adipogenesis, such as miR-378a [25] . miRNA biosynthesis is known to be involved in monocyte differentiation and efficient phagocytosis [44] . The current study indicates that miR-10a-5p treatment might have therapeutic potential by promoting ATM phenotypes that resolve inflammation and restore beneficial adipocyte phenotypes. As mentioned, both high fat feeding and CL treatment result in adipocyte cell death, yet in the case of CL treatment, dead cells are rapidly removed (within 2e3 days) and replaced with beneficial beige adipocytes. By contrast, cell death induced by high fat feeding results in persistent inflammation, including hallmarks reminiscent of 'frustrated phagocytosis' [3, 45] . Treatment with miR-10a-5p reduced the levels of inflammation and numbers of crown-like structures in visceral WAT. The ability to reduce levels of crown-like structures while promoting adipogenesis strongly indicates that miR-10a-5p enhances tissue restoration and repair. During preparation of this manuscript, miR-10a-5p was reported to prevent atherosclerosis by altering macrophage polarization and activating mitochondrial oxidative lipid metabolism in macrophage subtypes that give rise to foam cells [46] . Similarities between the ATMs that comprise the crown-like structures and foam cells have been noted previously [47] . Moreover, recent work from our labs [2, 8] and others [48] have demonstrated the importance of the subpopulation of lipid-handling macrophages in healthy adipose tissue remodeling. The current study extends these concepts by demonstrating the importance of miRNAs in ATMs, and specifically the role of miR-10a in ATMs and ASCs in suppressing inflammation and promoting healthy tissue remodeling. Future studies will be required to determine the clinical relevance of miR-10a function in visceral adipose tissue of humans. In summary, our results clearly demonstrate the importance of ATM miRNAs in adipose tissue cellular plasticity and suggest that miR-10a-5p mimics might serve as a new approach to support healthy adipose tissue remodeling and improving glucose homeostasis. 
